CHAL

UNIVERSITY OF TECHNOLOGY

Investigation of the Order-Disorder Rotator Phase Transition in KSiH3 and
RbSiH3

Downloaded from: https://research.chalmers.se, 2025-12-04 07:19 UTC

Citation for the original published paper (version of record):
Nedumkandathil, R., Jaworski, A., Fischer, A. et al (2017). Investigation of the Order-Disorder

Rotator Phase Transition in KSiH3 and RbSiH3. Journal of Physical Chemistry C, 121(9):
5241-5252. http://dx.doi.org/10.1021/acs.jpcc.6b12902

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)



Downloaded via 87.227.18.85 on August 14, 2024 at 09:25:33 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

ACS AuthorChoice

PHYSICAI, CHEMISTRY

pubs.acs.org/JPCC

Investigation of the Order—Disorder Rotator Phase Transition in
KSiH; and RbSiH;

Reji Nedumkandathll Aleksander Jaworski,’ Andreas Fischer," Carln Osterberg, Yuan-Chih Lin,’
Maths Karlsson, Jekabs Grms, Andrew J. Pell Mattias Eden, and Ulrich Hiussermann™''

"Department of Materials and Environmental Chemistry, Stockholm University, SE-10691 Stockholm, Sweden
*Department of Physics, Augsburg University, D-86135 Augsburg, Germany
SDepartment of Physics, Chalmers University of Technology, SE-41296 Gothenburg, Sweden

© Supporting Information

ABSTRACT: The f—a (order—disorder) transition in the silanides ASiH, 120]

(A = K, Rb) was investigated by multiple techniques, including neutron

powder diffraction (NPD, on the corresponding deuterides), Raman  100]
spectroscopy, heat capacity (C,), solid-state *H NMR spectroscopy, and o

quasi-elastic neutron scattering (Q_ENS) The crystal structure of @-ASiH; o 801

corresponds to a NaCl-type arrangement of alkali metal ions and randomly g 604

oriented, pyramidal, SiH;™ moieties. At temperatures below 200 K ASiH; = -
exist as hydrogen-ordered (f3) forms. Upon heating the transition occurs at © 40- e
279(3) and 300(3) K for RbSiH, and KSiH,, respectively. The transition is 20 oo°o
accompanied by a large molar volume increase of about 14%. The C,(T) ¢
behavior is characteristic of a rotator phase transition by increasing o T e e e 5

anomalously above 120 K and displaying a discontinuous drop at the
transition temperature. Pronounced anharmonicity above 200 K, mirroring
the breakdown of constraints on SiH;~ rotation, is also seen in the
evolution of atomic displacement parameters and the broadening and eventual disappearance of libration modes in the Raman
spectra. In a-ASiHj, the SiH;™ anions undergo rotational diffusion with average relaxation times of 0.2—0.3 ps between successive
H jumps. The first-order reconstructive phase transition is characterized by a large hysteresis (20—40 K). *H NMR revealed that
the a-form can coexist, presumably as 2—4 nm (sub-Bragg) sized domains, with the f-phase below the phase transition
temperatures established from C, measurements. The reorientational mobility of H atoms in undercooled a-phase is reduced,
with relaxation times on the order of picoseconds. The occurrence of rotator phases a-ASiH; near room temperature and the
presence of dynamical disorder even in the low-temperature f-phases imply that SiH;~ ions are only weakly coordinated in an
environment of A* cations. The orientational flexibility of SiH;~ can be attributed to the simultaneous presence of a lone pair and
(weakly) hydridic hydrogen ligands, leading to an ambidentate coordination behavior toward metal cations.

T(K)

I. INTRODUCTION rotation (i.e., libration modes). Today it is clear that in the
rotator state moieties are rarely freely rotating, but rather
display variable and complex dynamics."*~"® Compared with
crystals of globular molecules, rotational dynamics in regular
salts with simple complex ions occur at higher temperatures
(typically several hundred kelvin above RT) because of the

stronger electrostatic interactions. Exceptions are ammonium

Order—disorder transitions in crystals involving rotational
dynamics of molecules or complex ions are referred to as
rotator phase transitions.' Accordingly, rotator phases have a
long-range ordered crystal structure with short-range disorder
and occur between the low-temperature crystalline phase(s)
and the melting temperature.” Prominent and classic examples

of systems exhibiting rotator phases are H,, CH,, P,, Cq, and salts and borohydrides—containing the tetrahedral moieties
long-chained n-alkanes.”™” Typically, rotator phase transitions NH," and BH, —which may display rotator phase behavior
are associated with anomalies in physical properties, notably the below room temperature.'*”" In some ammonium salts (e.g,
specific heat and the molar volume.”®” Melting following the (NH,"),B1,H),*") even a pseudo-free rotation of NH," ions is
rotator state is often associated with an entropy of fusion less realized.
than 20 J/(mol K) (“Timmermans rule”).'’ Against this background, the silanides ASiH; (A = K, Rb, Cs)

The phenomenon of rotator phase transitions was represent an interesting case. Their crystal structure is built
recognized early; a first comprehensive review dates back to
Eucken in 1939."" In the beginning (e.g, Pauling in 1930)," Received: December 22, 2016
rotator phase transitions were regarded as onset of free rotation Revised:  February 10, 2017
due to the cumulative breakdown of constraints on molecular Published: February 13, 2017
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from trigonal-pyramidal SiH;~ anions and alkali metal A"
cations. The high temperature phase (a-ASiH;) corresponds
to a NaCl arrangement of alkali metal ions and randomly
oriented, pyramidal, SiH;~ moieties.”*”>* Note that an average
NaCl structure is also adopted by the dynamically disordered
alkali metal borohydrides ABH, (A = Na, K, Rb, Cs) and
ammonium halides NH,X (X = Cl, Br, I). a-ASiH; forms upon
hydrogenating the Zintl phases ASi.*>** Investigations of the
thermodynamics of the absorption—desorption process 2ASi +
3H, = 2ASiH; revealed an unusually small entropy change for A
= K, Rb [55-70 J/(K mol (H,))]. As a consequence,
desorption temperatures of 400—410 K are obtained at 0.1
MPa hydrogen pressure, and the conjecture has been made that
the phenomenon relates to a high entropy for a-ASiH,.*
Assuming dynamical disorder, the situation may be likened to a
rotator phase, only that consecutive melting (with a small
entropy of fusion) would correspond to hydrogen desorption.

From quasi-elastic neutron scattering measurements we
recently confirmed the presence of rotational-dynamical
disorder in a-KSiH; and a-RbSiH;. Activation energies are in
a range 30—40 meV, which is lower than for borohydrides and
most ammonium salts.”> Compared to the tetrahedral
“globular” moieties NH,* and BH,”, SiH;~ however has a
lower symmetry and a higher moment of inertia, and the
activation of dynamical disorder near room temperature is not
necessarily expected. In this paper we elucidate the order—
disorder (f/—a) phase transition of KSiH; and RbSiH; by
multiple techniques in order to obtain its comprehensive
characterization and further insight into the onset of SiH;~
dynamics.

Il. EXPERIMENTAL DETAILS

Synthesis. All steps of synthesis and sample preparation
were performed in an Ar-filled glovebox (H,O and O, levels
<0.1 ppm). The Zintl phase precursors KSi and RbSi (ASi)
were prepared from stoichiometric amounts of K (Aldrich,
99.9%), Rb (Aldrich, 99.9%), and Si (Chempur, crystalline
powder, 99.999%). Si was pressed into pellets and placed
alternately with the alkali metal in a tantalum ampule. The
ampules were heated inside a silica tube under vacuum at a rate
of 5 K/min to 873 K, held for 30 h, and then cooled to room
temperature at a rate of 5 K/min. a-ASiH; was obtained by
heating pellets of KSi and RbSi in a corundum crucible in a
stainless steel autoclave to 423 and 373 K, respectively, under a
pressure of S0 bar of hydrogen for 24 h (H, AGA, 99.99999%).
The corresponding deuterides a-ASiD; were prepared accord-
ingly (D, AGA, 99.997%) but employing a longer reaction time
(S days). Hydride and deuteride samples were ground in an
agate mortar for subsequent investigations. The phase purity of
synthesized ASi, ASiH;, and ASiD; was checked by powder X-
ray diffraction. Diffraction patterns were collected on a
Panalytical XPERT PRO diffractometer employing Cu Ka
radiation. Because of the air and moisture sensitivity of all
materials, they were sealed in 0.3 mm glass capillaries.

Neutron Scattering. Neutron powder diffraction (NPD)
data were obtained on the Polaris diffractometer at the ISIS
pulsed spallation neutron source, Rutherford Appleton
Laboratory, United Kingdom. Data were collected with the
backscattering (130—160°), 90° (85—95°), low angle (28—
42°), and very low angle (13—15°) detectors, providing a Q
range of about 0.5—31 A™'. Samples (approximately 3.4 g of
KSiD; and 4.4 g of RbSiD;) were contained in cylindrical thin-
walled 11 mm diameter vanadium cans which were sealed using
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an indium gasket. The cans were placed in a closed-cycle
cryostat, located in front of the backscattering detector.
Subsequently, samples were cooled, and diffraction data were
collected for 190 uA h at 9 (KSiD;) and 11 (RbSiD;)
temperatures over the range of 150—310 K. Data were analyzed
using the GSAS refinement software PC-GSAS and EX-
PGUL***” Both samples contained small fractions of AD
impurity, ~1.5 and ~5 wt % for KSiD; and RbSiD;,
respectively. Refinements were performed in the typical
sequence, treating first background, then unit cell parameters,
atom position parameters, and displacement parameters
(temperature factors) U. Peak-shape function 3 was used to
model the peak-shapes observed on Polaris.

Quasi-elastic neutron scattering (QENS) experiments were
performed at the time-of-flight disk chopper spectrometer
(DCS) at the NIST Center for Neutron Research, Gaithersburg
(USA). The fine ground materials (approximately 2.5 g of
KSiH; and 2 g of RbSiH,;) were thinly distributed inside
aluminum foil packets, which were subsequently rolled into 100
mm long annuli with diameters of 17.5 mm. Indium wire sealed
aluminum cans were used as sample holders, and cadmium
beam masks were used on the top and bottom of the cans. A
closed-cycle refrigerator was used to reach the desired
temperatures. Measurements were performed using two
neutron wavelengths, 2.5 and 4.8 A. For 2.5 A neutrons, the
energy resolution and accessible Q-range of the spectrometer
were 745 peV full width at half-maximum and 0.98—4.48 A,
respectively. For 4.8 A neutrons, the respective values were 110
ueV and 0.52—2.46 A~'. The typical measuring time was
between 2 and 4 h. For KSiHj, spectra were measured at 310,
300, 293, 285, 275, 273, 270, 268, 265, 260, 255, 250, and 50 K
(in that order, ie, upon cooling), using both neutron
wavelengths. Spectra were also measured upon heating, at
275, 280, 285, 290, 295, 300, 305, and 310 K, with 4.8 A
neutrons. For RbSiH;, spectra were measured at 310, 280, 260,
250, 240, 230, 220, 210, and S0 K (upon cooling), using both
neutron wavelengths. Spectra were also measured upon heating,
at 240, 255, 270, 285, 300, and 310 K, with 4.8 A neutrons.
Measurements of an empty cell and a vanadium standard, as
well as a dark count measurement, were used for the
background correction. The spectra measured at 50 K were
used as resolution functions in the data analysis. The QENS
spectra were reduced and analyzed using the DAVE software.””

Heat Capacity Measurements. For heat capacity
measurement powders of ASiH; and ASiD; were pressed into
pellets with 5 mm diameter with masses 8.582, 11.691, 2.777,
and 6.463 mg for KSiH;, KSiD;, RbSiH;, and RbSiD;,
respectively. The heat capacity was measured between 303
and 2 K (50 points distributed logarithmically and in 3 K steps
across the phase transitions from both sides) using a quasi-
adiabatic step heating technique as implemented in the Physical
Property Measurement System (PPMS) by Quantum Design.
Estimated overall heating and cooling rates were on the order
of 0.1 K/min. The samples were thermally connected to the
platform of the sample holder via small amount of Apiezon-N
grease (typically 0.1—0.3 mg). The uncertainty for this
measurement technique is generally estimated to be lower
than 5%. For the measurements from low to high temperatures
below the phase transition, the sample coupling was
significantly lower than for the measurements from high to
low temperatures for unknown reasons. After passing the phase
transition, the sample coupling attained similar values as before.
It is therefore possible that the absolute values of the heat
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capacity upon heating and below the phase transition may be
underestimated.

Raman Spectroscopy. Powder samples of ASiH; were
sealed in 0.3 mm glass capillaries, and Raman spectra were
measured on a Dilor XY-800 triple grating spectrometer with
double subtractive configuration. The instrument is equipped
with an 800 mm focal length spectrograph and a liquid nitrogen
cooled, back thinned CCD detector. Capillaries were placed in
a Linkam temperature stage and first cooled to 100 K, and
spectra were collected at 100, 150, and 200 K. After that a
heating—cooling cycle was performed in the interval 200—300
K. At each target temperature samples were equilibrated for 10
min. Samples were excited with a Ar*/Kr* laser (647 nm) with
the input power of the laser locked at 10 mW, which
approximately corresponds to 0.90 mW output power under
the microscope with the XS0 objective lens. Data covering the
range 50—400 cm™" were collected in a single spectral window
using an 1800 grooves/ mm grating. The exposure time was 90
s, and each spectrum comprised five accumulations.

Solid-State NMR Spectroscopy. The NMR experiments
were performed on powders of RbSiD; and KSiD3, which were
packed into 3.2 mm zirconia rotors. Static *H (spin I = 1)
NMR spectra were collected at a magnetic field of 14.1 T with a
Bruker Avance-IIl spectrometer (—92.1 MHz Larmor fre-
quency). The NMR acquisitions involved 4.0 us radio-
frequency pulse at a nutation frequency of 62 kHz. Between
32 and 128 signal transients with 120 s recycle delays were
accumulated for each spectrum. Neat, deuterated tetramethyl-
silane (TMS-d;,) was used for *H chemical shift referencing.
H NMR spectra were recorded upon cooling in the
temperature range from 300 to 200 at 10 K intervals. A
measurement was also performed on KSiD; at 290 K upon
heating from 200 K. Before starting each final acquisition, the
sample was held for 30 min to equilibrate after reaching the
desired temperature (stabilized within +0.1 K). A powder of
Pb(NO,), was used for the temperature calibration.”

lll. RESULTS AND DISCUSSION

Structural Relationship between a- and f-ASiH;. The
hydrogenation of RbSi and KSi at elevated temperatures (373—
423 K) affords roentgenographically pure samples of a-ASiH,
with an average cubic NaCl type structure in which pyramidal
SiH;™ units with C;, symmetry are orientationally disordered.
At temperatures below 200 K ASiHj; exist as hydrogen-ordered
p-phases.””** Tang et al. established the structures of S-KSiH;
and f-RbSiH; from neutron powder diffraction data of ASiD;
measured at 1.5 K.** f-KSiHj; crystallizes with an orthorhombic
Pnma structure whereas S-RbSiH; adopts the monoclinic
P2,/m KCIlO; structure. In both structures, silyl groups possess
a local C; symmetry, but their geometry deviates only slightly
from C;,. The average Si—H bond length in the f- phases is 1.54
A, whereas it is 1.52 A in the disordered a-forms.*

The structures of high-temperature a-KSiH; and low-
temperature f-KSiH; are compared in Figure 1. A relationship
between both structures becomes most apparent when
considering a plane {110} in the NaCl structure. Such a
plane is shown in Figure la where rows of nearest-neighbor
coordinated atoms/ions run parallel along the cubic unit cell
axis directions. Corresponding planes in the orthorhombic f-
phase structure are the (mirror) planes (0,5,0), y = 1/4, 3/4,
also shown in Figure la. Instead of straight rows, ions are
arranged as zigzag chains, yielding a hexagon pattern with
mutually 3-coordinated ions. The different arrangement of ions
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Figure 1. Comparison of the crystal structure of cubic a-KSiH; (left
panel) and orthorhombic f-KSiH; (right panel). (a) {110} plane in
the NaCl structure (left) and corresponding plane (0,1/4,0) in the f-
KSiH; structure (right). Gray circles represent K cations and red
circles SiH;™ moieties. Gray bars mark corresponding rows of ions in
both structures. (b) Stacking of {110} planes in the NaCl structure
(left) and (0,y,0), y = 1/4, 3/4 planes in the f-KSiH, structure (right).
Dark and light colors differentiate atoms on different heights. (c) Same
as (b), but drawn lines are now emphasizing polyhedra around anions,
i.e, octahedra for the NaCl structure (left) and monocapped trigonal
prisms for f-KSiH; (right, H atoms are depicted as green circles).

in these planes represents actually the major difference between
the two structures. The NaCl structure (a-phase) is completed
by stacking {110} planes with a spacing of a/4/2 (Figure 1b).
Atoms achieve their mutual 6-coordination by two additional
nearest neighbors situated in each plane adjacent a central one
in the stack. The fB-phase structure is completed exactly the
same way. The stacking of layers occurs in the b direction with
a spacing of b/2. This results in a mutual 7-coordination of
ions. The increased coordination with respect to the NaCl
structure is then due to the 3-coordination of ions within a
single plane. Figure 1c depicts the same projection as Figures
la,b, but emphasizing the coordination of Si/SiH;™.

The actual local coordination of Si/SiH;™ in both structures
is then shown in Figure 2. The polyhedron defined by the 7 K*
cations encapsulating SiH;™ in S-KSiH; corresponds to a
monocapped trigonal prism (Figure 2a). Each H ligand is
coordinated by three K" jons which results in a quasi-
tetrahedral environment. H coordination involves six K" ions
around a Si atom; the three HSiK; tetrahedra share common
edges. The seventh K" jon around a Si atom is situated on the

DOI: 10.1021/acs.jpcc.6b12902
J. Phys. Chem. C 2017, 121, 5241-5252


http://dx.doi.org/10.1021/acs.jpcc.6b12902

The Journal of Physical Chemistry C

a) b2

Figure 2. (a) Two views of the monocapped trigonal prismatic
coordination environment of SiH;~ ions in the f-KSiH; structure. H
ligands are coordinated by three K ions each. The resulting HSiK;
tetrahedra share edges (left). (b) Two views of the octahedral
coordination environment of SiH; ions in the a-KSiH; (and a-
RbSiH;) structure. Pyramidal SiH; ions are randomly aligned along
the C; axes of the K¢ octahedron, coinciding with the directions of the
four body diagonals of the cubic unit cell. Orientations of SiH;™ ions
are indicated by blue and gray lines (left) and green triangles (right),
connecting H atoms that belong to a particular moiety. Interatomic
K—Si and K—K distances are indicated in A.

pseudo-3-fold axis of the anion, coordinating its “lone pair” site.
The monocapped trigonal prism formed by the alkali metal ions
is also the building block of the monoclinic S-RbSiHj structure;
that is, the crystal symmetry lowering does not affect the local
symmetry of the silyl anions and their coordination by counter
cations. The difference between the orthorhombic $-KSiH; and
monoclinic f-RbSiHj structure is a different linking of these
monocapped trigonal prisms. This is shown in the Supporting
Information, Figure S1.

In a-ASiH; dynamically disordered SiH;~ moieties are
surrounded octahedrally by six A" ions (Figure 2b). Although
the coordination number is larger in #-KSiH;, the average K—Si
distance (2 X 3.55,2 X 3.60, 2 X 3.63, 3.84 A) is comparable to
the one in a-KSiH; (6 X 3.61 A), which implies that the A—A
distances in a-ASiH; are considerably larger than in S-ASiH;.
Crystallographically, disordered SiH;™ expresses itself by a
weakly occupied site 96k in the Fm3m NaCl structure.””** This
renders a truncated-cube-shaped environment of 24 H atom
positions (occupied at a 12.5% level) around each Si (cf. Figure
2b). The average crystallographic structure of disordered ASiH,
is based on eight (random) orientations for each SiH;™ ion.
These orientations correspond to alignments (both “up” and
“down”) of pyramidal SiH;~ ions (with respect to their C, axis)
along the directions of the four body diagonals of the cubic unit
cell. According to QENS, these 24 positions represent jump
locations of H atoms which are associated with the rotational
diffusion mechanism of SiH,~ ions.*®
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p—a Phase Transition Probed by NPD and Raman
Spectroscopy. Figure 3 shows the evolution of diffraction
patterns with temperature, from 150 K across the phase
transition. The 150 K patterns can be fit to the structure models
established by Tang et al. from 1.5 K data.”* For KSiD; the
orthorhombic -KSiH; structure is maintained until the phase
transition, which occurs between 300 and 310 K. Reflections of
the f-phase are, however, still present in the 310 K pattern. For
RbSiD; deviations from the original monoclinic structure are
observed with increasing temperature. For patterns above 240
K a triclinically distorted structure provides a better fit. In the
pattern obtained at 278 K the a-phase emerges. The pattern at
296 K corresponds then to the pure a-phase (for details, see
Supporting Information, parts 2 and 3).

The change of the molar volume in the interval 150—310 K is
shown in Figure 4. For KSiDj there is roughly a linear
dependence until the phase transition and a drastic increase at
the phase transition by 14%. The situation is similar for RbSiD;.
The triclinic distortion manifests itself in irregular molar

a) | KSiDs 002 m
i
310K
2
‘B
z ‘
8 300K
RS
291 K
7 A 269K
199
150K
T T T T T T T T T T 1
2.0 2.5 3.0 35 4.0 4.5 5.0
d-spacing (A)
b) | RbSiD; 002

Intensity

T T

2.5 3.0

T T 1

T
2.0 3.5 4.0

d-spacing (A)

Figure 3. Evolution of NPD patterns of KSiD; (a) and RbSiD; (b)
when heating from 150 to 310 K. The asterisks mark reflections of
RbD impurity. Indices refer to reflections of a-ASiD;.
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Figure 4. Evolution of molar volumes (V/Z) for KSiD; (a) and
RbSiD; (b) from 150 to 310 K. See Supporting Information, parts 2
and 3, for details.

volume variations above 240 K. We note that the increase of
molar volume across the f-to-a phase transition is enormous.
Increases of this magnitude are rarely observed in order—
disorder transitions of inorganic materials and actually relate
more to the density changes of salts upon melting.”’ Order—
disorder transitions of borohydrides and ammonium salts are
typically accompanied by molar volume changes around
5%,”>7"7 with the exception of the CsCl-to-NaCl type
transition in NH,X.>>~ Disordered NaCl-type NH,X (called
phase I or a-phase in the literature) precedes melting. As a
matter of fact, the order—disorder transition of ASiH; bears
resemblance to the CsCl-to-NaCl type transition of NH,X.
Figure S illustrates the strongly anharmonic behavior of f-
ASiD; above 150 K by showing the isotropic atomic
displacement parameters (ADPs) as a function of T as obtained
from the diffraction studies. A harmonic system above the
Debye temperature would display a linear increase. Interest-
ingly for KSiD; it is one kind of D atoms (D1) showing the
most pronounced deviation/anharmonicity (Figure Sa). The
evolution of the anisotropic ADPs reveals an anharmonic
behavior above 250 K also for Si and K. For RbSiD; (Figure
Sb) trends are obscured by the change in crystal symmetry. It
appears that Si attains considerable higher ADP values
compared to KSiD;. For both systems ADPs become
anomalously large in the dynamically disordered a-phase.
Figure 6 shows the evolution of translation and libration
modes as observed from Raman spectroscopy across the phase
transition. The vibrational spectrum of $-ASiH; was analyzed
previously.””** SiH,™ librations are between 300 and 450 cm™"
and 270 and 400 cm™' for A = K and Rb, respectively. SiH;~
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Figure S. Isotropic atomic displacement parameters (ADPs) Uy, as a
function of temperature for KSiD; (a) and RbSiD; (b). In addition, at
the bottom of (a) anisotropic ADPs for 5-KSiHj; at 150, 249, and 300
K are displayed. Thermal ellipsoids correspond to a 5% probability
density. Open symbols in (b) refer to the triclinically distorted
intermediate phase ’-RbSiD;. See Supporting Information, part 3, for
details.

translations are between 95 and 160 cm™!, K* translations are in
the range 60—100 cm™’, and Rb" translations in the range S0—
70 cm™". At 100 K the spectra of both compounds display sharp
bands for translations and broad bands for librations, which
signals a significant anharmonicity for the libration modes
already at low temperatures. The libration bands are visible up
to 200—220 K; at higher temperatures they are merged into a
very broad hump and barely noticeable. At the same time also
K* and SiH;~ translation bands broaden significantly but retain
the initial shape until their abrupt disappearance at the
transition to the cubic a-phase. For RbSiH;, Rb" and SiH;~
translation bands behave differently with increasing temper-
ature. It is clearly seen that anharmonic broadening is much
more pronounced for the latter ones. As a matter of fact, SiH;~
translation bands merge into a broad hump above 220 K
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Figure 6. Evolution of Raman spectra of KSiH; (a) and RbSiH; (b)
when heating from 100 K. The depicted spectral range contains
libration bands above 250 cm™, SiH,™ translation bands between 95

and 160 cm™!, and A" translation bands below 90 cm™.

whereas Rb* translations remain comparatively sharp. This
most likely correlates with the transition into the triclinic
intermediate. In the Raman study the phase transition to a-
ASiHj; is seen at temperatures about 20 K lower compared to
the NPD study, which is attributed to a laser-induced local
heating of the sample.

To conclude, the NPD and Raman studies revealed a
pronounced anharmonic thermal behavior for S-ASiD;/f-
ASiH;. This indicates the onset, and even presence, of
dynamical disorder already in the low-temperature forms.
Indeed, a recent fixed-window scan (FWS) neutron scattering
investigation showed that RbSiH; and KSiHj; start exhibiting
dynamics with jump frequencies on the order of 10° jumps/s at
150 and 225 K, respectively.”” This should coincide with a
breakdown of librations; that is, torsional oscillations lose
translational correlation and SiH;™ moieties start undergoing
independent torsional dynamics on the time scale probed in the
FWS experiment (10°-10'" jumps/s). The nature of this
dynamics should relate to wagging, perhaps even tumbling,
around the axes defining the moments of inertia (i.e., along the
C, rotational axis (I,) and two equivalent axes perpendicular
(I = Ic)). Note that the associated mobility is several orders of
magnitude lower compared to the rapid (subpicoseconds)
dynamics of SiH;™ in 15% expanded a-ASiH;. Interestingly, the
FWS experiments reported in ref 39 show a plateau in
scattering intensity for RbSiH; above 240—250 K until to the
phase transition to a-RbSiH;. This plateau, which is absent for
KSiH;, possibly refers to the intermediate (triclinic) state in
which SiH;~ ions attain jump frequencies of ~10' jumps/s.
Next we investigate how the presence of anharmonicity and
dynamics in $-ASiH;, and the consecutive phase transition to
the rotator a-phase express in heat capacity measurements.

Heat Capacity Variations. Figure 7 compares the heat
capacities, C,, of ASiH; (see Supporting Information, Figure S2,
for ASiD;). There are 15 degrees of freedom associated with a
formula unit; 6 correspond to internal modes and 3 each to
librations, translations, and the acoustic modes. Accordingly,
the Dulong—Petit limit is expected at 125 J/(mol K). Internal
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Figure 7. Temperature-dependent heat capacity C,(T) (per formula
unit) of KSiH; (a) and RbSiH; (b), one cooling and heating cycle. See
Supporting Information, Figure S2, for Cp(T) of ASiD; and part 4 for
details on fitting the data.

modes are observed in the wavenumber ranges 900—1000 cm™!

(bending) and 1800—1900 cm™! (stretching)30 and, thus, will
not contribute significantly to C,(T) up to room temperature.
As discussed above, librations are found in a range 300—400
cm™" and translations are around 100 cm™. At low T it is
expected that the Cp(T) behavior corresponds to that of a
regular salt, accounted for by translations of A" and SiH;" ions.
To evaluate the Cp( T) data, we used the same strategy that has
been previously applied for NH,X salts.*>*" The low-temper-
ature data were modeled by a superposition of one Debye and
three Einstein terms (ie., two translations and one rotation),
according to the following equations:

k
C,(T) = 3R(D(T, ©p) + Y, cE(T, Og,))
C,(o0) = 3nR

and

C(T) = C(T)(1 + C(TAT)

The thermal expansion was estimated from the unit cell
volumes at 1.5 K (as reported by Tang et al.)** and at 150 K
(our measurements). The fit parameters are provided as
Supporting Information (part 4, Table S2). As seen in Figure 7,
the so-modeled molar heat capacity agrees well with the
measured values at low temperatures. Deviations become
noticeable above 130 K and develop subsequently into a
pronounced anomaly. Whereas the deviations in the range
130—180 K are a consequence of anharmonicity, affecting the
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libration and SiH;~ translation modes (cf. Figure 6), the
anomalous rise of C, above 200 K is attributed to the onset of
dynamical disorder in #-ASiH;. For RbSiH; another anomaly is
seen at around 250 K when C, slightly drops again. This is
attributed to the transition into the intermediate (triclinic)
form. We attempted to model the anomalous rise of Cp(T)
above 180 K by including empirical anharmonicity parameters
in the Debye—Einstein fitting procedure (the formula is given
in the Supporting Information). Such parameters are typically
used to describe anharmonicity contributions at high temper-
atures and close to the melting point.**

Upon heating the phase transition is observed at 300(3) and
279(3) K for A = K and Rb, respectively. These values are in
good agreement with the diffraction studies on the deuterides
(above) and the differential scanning calorimetry study by
Chotard et al. and Tang et al”»** The phase transition is
accompanied by a large drop of C, (by 30 J/(mol K), or 1.2 R)
which for disordered a-ASiH; then attains a value of about 80
J/(mol K). We note that this behavior is very similar to the
CsCl-to-NaCl transition of salts NH,X,* especially
NH,Br,sCly4s ** and NH,L* During this transition,
tetrahedral NH," ions change dynamics from alternating
between two orientations (related by a 90° rotation about
their C, axes) in the CsCl structure into a pseudofree rotation
in the NaCl structure.”**

After the phase transition CP(T) remains almost constant, in
agreement with a crystal that either lost its libration modes
(that is, turned into a rotator phase) or has its libration modes
fully excited (that is, reached the Dulong—Petit limit with
respect to the external modes). In each case, C,(T) will remain
flat until the excitation of internal modes. The difference
between these two cases represents the “rotational” contribu-
tion to Cp.16 In principle, for an idealized system the transition
from a three-dimensional harmonic oscillator (librations) to a
free rotor should be accompanied by a loss of 1.5 R and
deviations may yield information on the actual rotational
dynamics. Such analyses have been attempted for ammonium
salts.**~*%* In practice, however, it is very difficult to quantify
a “rotational” contribution to C, because of the large
uncertainties in describing properly pr — C,], anharmonicity,
etc. Nevertheless, from QENS studies it is known that the
dynamics of SiH;™ in a-ASiH; is not completely “free” but
corresponds to a composite mechanism comprising both
rotational jumps of H atoms around the C; axis of the moiety
and jumps related to the 8-fold reorientations of the moiety
along the body diagonals of the cubic unit cell, yielding 24 jump
locations (cf. Figure 2b).*

Hysteresis and Coexistence of a- and f-ASiH; at Low
Temperatures. The order—disorder (f—a) transition in
ASiH; displays a significant hysteresis. Upon cooling,
transitions in the C, measurements are observed at 274(3)
and 241(3) K for KSiH; and RbSiHj, respectively (that is, 26
and 38 K lower, respectively). This has also been observed in
previous differential scanning calorimetry experiments.””** The
size of the hysteresis is virtually identical for the deuteride
analogues, for which transitions are slightly shifted to higher
temperatures (by 2—3 K, see Supporting Information Figure
S2). It is clear that the a—f transition is reconstructive (cf.
Figure 1) and, thus, will proceed by a nucleation-and-growth
mechanism. The phenomenon of hysteresis has to be attributed
to a lack of equilibrium in the phase transition.’® It is also
noticeable that in the C, measurements values upon heating

v
and cooling coincide reproducibly only at temperatures

considerably below the lower transition temperature (see also
Supporting Information, Figure S2, for the deuterides). This
could be due to problems with the sample coupling, as
mentioned in the Experimental Details section, but it might
also indicate the presence of nonequilibrium situations at
temperatures below the hysteresis region. To investigate this
issue further, we performed solid-state H NMR experiments
and evaluated QENS spectra at low temperatures.

In solid-state “H (spin I = 1) NMR spectroscopy, the
resonances are broadened by the quadrupolar interaction,
which is characterized by the quadrupolar coupling constant,
Cq = €qQ/h, where eQ and eq are the nuclear quadrupolar
moment and the largest component (V,, = eq) of the electric
field gradient (EFG) tensor, respectively. Molecular dynamics
will partially, or fully, average the quadrupolar interaction to
give an “effective” C value, which translates into a narrowed
NMR peak-shape.”” Figure 8 shows *H NMR spectra
collected from static powders of ASiD; upon cooling from

1.6 ppm 1.4 ppm

RbSiD; KSiD;

Jk 300 K JEL

AR E R T T T manal Imama e T e T
600 300 0 -300 -600 600 300 0 -300 -600

2H shift [ppm] 2H shift [ppm]

Figure 8. “H NMR spectra recorded from static powders of RbSiD,
(left panel) and KSiD; (right panel) recorded at the as-indicated
temperatures on cooling from 300 to 200 K.
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Figure 9. Temperature dependence of the fit to the QENS spectra for KSiH; (a, b) and for RbSiH; (¢, d) at Q = 1.9 A™', measured with 4.8 A

neutrons. See Supporting Information, part 5, for details.

300 to 200 K. At 300 K, the presence of rapid dynamics of the
SiD;~ moieties produces one narrow resonance around 1.5
ppm for both a-phases, with a full width at half-maximum
(fwhm) height of around 8 ppm. This verifies a complete
averaging of the *H quadrupolar interaction to zero, with the
residual peak-width being dictated predominantly by spin—spin
(T,) NMR relaxation. Rapid rotational diffusion with
correlation times on the order of 0.2—0.3 ps (as established
from QENS)” does not contribute effectively to the spin—
lattice relaxation times (T)), which is reflected by the observed
relatively long T, values (~35 s) for @-ASiD;. When the
systems are cooled below the phase transition temperature
(260 K for KSiDy and 240 K for RbSiD;), the NMR spectra
manifest the characteristic feature of a quadrupolar-broadened
peak-shape, whose width is proportional to the quadrupolar
coupling constant.

The presence of (slower) dynamics in the f-phases is then
evident from the very low effective C, values of 10 + 0.5 kHz
for both the #-RbSiD; and -KSiDj; phases, as obtained from
numerical fitting. Compared to a-ASiDj;, T) relaxation times are
much shorter (<1 s). Upon further cooling of $-KSiD;, the
value of Cg, increases to 72 + 0.5 kHz at 200 K, which indicates
that the SiD;~ motion becomes essentially arrested at this
temperature. The dynamical processes only have an effect on
the 2H NMR line-shape if the correlation times 7. associated
with them are shorter than the inverse of the first-order
quadrupolar interaction frequency in the absence of molecular
motions. This would correspond to 7. < 9 us, if it is assumed
that the motionless limit is at 200 K for $-KSiD;. Therefore, the
progressive broadening of the S-KSiD; NMR peak-shape
observed when the temperatures decreases from 240 to 200
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K can be attributed to an exchange process with an observed
slow motion limit in the microsecond range. The reduction of
the slow-motion correlation time is reflected in increasing T
relaxation time constants (~30 s) on cooling. We expect the
same phenomenon to occur for S-RbSiD; below 200 K, in
agreement with the predictions from the FWS experiments, i.e.,
the freezing out of dynamics below 150 and 225 K for fS-
RbSiD; and S-KSiD;, respectively.”” However, the correlation
times for f-phase dynamics estimated from FWS experiments
are on the order of nanoseconds.

The NMR spectra in Figure 8 reveal another important
finding, namely, the presence of a-phase well below the phase
transition upon cooling. From NMR spectra deconvolutions
(not shown), the amount of a-phase observed at 240 K for
RbSIiD; and 270 K for KSiD; is 20% and 3%, respectively.
These values drop to 7% and 2% at 220 K (RbSiD;) and 250 K
(KSiD,). Small fractions (~1%) of a-phase seem to persist for
both systems down to 200 K. This indicates that the
nonequilibrium behavior between a- and f-phase extends
beyond the range of hysteresis. We speculate that the
transformation kinetics a-to-f and/or the relative stability
(Gibbs energy difference, AG) between the polymorphs
depend on the size of a-phase domains. That is, f-phase
domains grow at the expense of a-phase during the
reconstructive phase transition until a-phase domains obtain
a critical size below which the transformation kinetics are
considerably slower, or alternatively, G is decreased relative to
the f-phase. As a consequence, the a-phase can appear
substantially undercooled and a complete transformation will
only occur after prolonged annealing at low T. The conjecture
of a changed relative stability is supported by an NMR
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experiment where KSiD; was heated from 200 to 290 K (which
is approximately 13 K below the phase transition seen in C
measurements), and the spectrum at 290 K then showed the
presence of 3% a-phase (Figure S3). Note that in the NPD
experiment, performed upon heating, the a-phase was only
recognized at temperatures above 300 K (cf. Figure 3a), in
agreement with the phase transition temperature determined by
the C, measurement. Therefore, it has to be assumed that
undercooled a-phase possesses a domain size too small for
coherent scattering, ie., crystallites are sub-Bragg (2—4 nm)
sized and can only express short and medium range order. The
f-to-a phase transition seen in diffraction and C, experiments
should then correspond to the sudden growth of a-phase
domains. In the following we distinguish the occurrence of
undercooled a-phase upon cooling and heating as remnant and
premonitory, respectively.

Figure 9 shows selected QENS spectra for ASiH; (for a
complete series, see ref 25). It is important to mention that the
DCS instrument used for the QENS experiments senses
dynamics in a temporal range 0.1—100 ps. Thus, only fast
dynamics associated with the a-phase is probed. The f—a
phase transition upon heating expresses itself with the sudden
appearance of strong quasi-elastic scattering intensity, that is a
broadening of the elastic line. This is seen between 300 and 305
K for KSiH; and 270 and 28S K for RbSiH;, in agreement with
the observations from the NPD and C, measurements. Upon
cooling, QENS spectra remain considerably broadened also at
temperatures below the transition. This reflects the presence of
remnant nonequilibrium @-phase domains, as established from
the NMR experiments. As a matter of fact, a small broadening is
also present in the spectra upon heating before the phase
transition, which has to be attributed to the presence of
premonitory a-phase. Thus, the QENS spectra mirror exactly
the results from the *H NMR investigation.

In order to evaluate the QENS spectra, they were fitted with
a function consisting of one elastic component together with
two Lorentzian functions, L;(Qw) and L,(Qw). Of specific
interest here is the width of the first Lorentzian, I';(Q), which
carries information on the reorientational hopping motion of
SiH;™ as 7; = 2/T;(Q), where 7, is a characteristic relaxation,
also known as correlation, time. See Supporting Information,
part S, for details about the QENS analysis.

Figure 10 depicts Arrhenius plots of I';(Q) for the various
temperature intervals—1I: cooling until the phase transition; II:
cooling after the phase transition; and III: heating until the
phase transition. Tables 1 and 2 summarize relaxation times
and activation energies, respectively. The Arrhenius depend-
ence for “regular” a-ASiH; within interval I with activation
energies of 39(1) and 33(1) meV for A = K and Rb,
respectively, has been established earlier.”> However, also
['(Q) in the intervals II and III, ascribed to remnant and
premonitory a-phase, respectively, seem to follow an Arrhenius
dependence, although less clear because of the lack of data and
significantly larger error bars. The activation energies are
increased, especially for KSiH;. The relaxation times are 0.2—
0.3 ps for the dynamics in regular a-ASiH; and increase by an
order of magnitude for remnant and again another order of
magnitude for premonitory a-phase. The increased reorienta-
tion barriers (activation energy) and decreased mobility
(relaxation time) most likely correlate with the domain size
of crystallites.

The geometry of the diffusional motion can be extracted
from the elastic incoherent structure factor (EISF) which in
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Figure 10. Arrhenius fits to the data of I'} for KSiH; (a) and RbSiH,
(b) when decreasing and increasing the temperature. The arrows
indicate the temperature directions; broken horizontal lines indicate
the phase transition temperatures according to C, measurements (cf.
Figure 7). The Roman numbers refer to the temperature intervals
discussed in the text. High temperature data are taken from ref 25.

Table 1. Relaxation Times for ASiH;

Tgoun (K) KSiH; (ps) Tgoun (K) RbSiH; (ps)
310 0.22(5) 310 0.23(6)
300 0.23(2) 280 0.27(6)
293 0.24(3) 260 0.29(4)
285 0.25(4) 250 0.32(6)
275 0.26(4) 240
270 230 3(2)

265 0.80(4) 220 3(1)
260 0.9(1) 210 3(1)
255 1.0(2)
250 1.3(2)

T,y (K) KSiH, (ps) T, (K) RbSiH, (ps)
280 17(14) 240 11(3)
285 11(11) 255 10(1)
290 9(s) 270 8(1)
295 8(3)

300 3(1)

Table 2. Activation Energies for a-ASiHj;

T range (K) KSiH; (meV) T range (K) RbSiH; (meV)
310-275 39(1) 310-250 33(1)
265-250 164(33) 230-210 38(7)
280—-300 606(102) 240-270 59(4)
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turn is obtained from the Q dependence of the elastic part of
the scattering function Ay(Q); see ref 25 and Supporting
Information, part S, for details. Previously, a “24-sites” model
was established which utilizes the 24 positions of a truncated
cube as jump locations for H atoms. This model averages
dynamics of a composite mechanism, comprising both
reorientations of H atoms around the molecular C; axis and
the 8-fold reorientation of this axis. To obtain a good fit, in
addition, a fraction of 0.1 (10%) of H had to be considered as
immobile. Figure 11 shows the experimental EISFs at various
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Figure 11. EISF during cooling over the phase transition for KSiH; (a)
and RbSiH; (b) from data obtained using 2.5 A neutrons (for 4.8 A
neutrons, see Supporting Information part S, Figure S6). Two models
are presented: the 24 sites model (blue line) and the C; model (gray
line). The fractions of mobile hydrogen, contributing to an offset for
the 24 sites model and the C; model, are shown by the values of x and
, respectively.

temperatures upon cooling, together with fits to two models.
Certainly, the immobile fraction of H atoms increases abruptly
when entering temperature interval II because of the formation
of f-phase. Note that according to the C, measurements, 275
and 240 K are very close to the phase transition for KSiH; and
RbSiH;, respectively. At the same time, the mechanism of
dynamics in remnant a-phase seems to change from the “24-
sites” model to a “C;” model with only reorientation of H
atoms around the molecular C; axis. This could be due to the
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lower temperature, leading to a “freezing out” of the
component where the molecular axis is reoriented. More likely,
however, is to assume a changed mechanism because of the
small domain size of remnant a-phase. Note that the fitted
values for the fraction of mobile H atoms (inserted in Figure
11) correlate with the fractions of remnant a-phase as
established in the NMR experiments. No attempts were
undertaken to extract and evaluate the EISF in the temperature
interval of premonitory a-phase.

Dynamical Disorder and Thermodynamic Properties.
The combination of a lone pair with hydridic hydrogen ligands
is a peculiar feature of the silyl anion. Wolstenholme et al. have
shown that for molecular systems “tetrahedral” (lone pair) and
“inverted” (H;) coordination of SiH;~ by K" are essentially
energetically degenerate.”® Accordingly, the SiH;™ ion can act
as an ambidentate ligand which explains its orientational
flexibility. At the same time, the high reorientational mobility
and low activation energy of SiH;™ in @-ASiH; imply that SiH;~
ions are rather weakly coordinated by A* cations. The rotator
state of a-ASiH; has to be associated with a high entropy,
which in turn will affect the decomposition (hydrogen
desorption) to ASi and H,. The hydrogen release temperature
is very similar for all three systems a-ASiH; (A = K, Rb, Cs),
close to 410 K when referring to 0.1 MPa hydrogen equilibrium
pressure.z‘?”24

Interestingly, whereas KSiH; and RbSiH; indeed exhibit the
expected low entropies of hydrogen desorption, ASg., [S5—70
J/(K mol (H,))], the one for CsSiHj; is substantially higher
[101 J/(K mol (H,))].** Accordingly, the enthalpy of hydrogen
desorption has to be larger for CsSiH; and the phenomenon
has been explained by an enthalpy—entropy compensation
effect. Although QENS measurements indicate a slightly
changed dynamics for a-CsSiH; with a somewhat lower
mobility of SiH;~ (which has been attributed to a stronger
interaction with the soft Cs* cations),” it appears unlikely that
this should decisively influence AS,.. Alternatively, the
enthalpy—entropy compensation could be explained by
enthalpy and entropy changes in the precursor Zintl phases
ASi. That is, if enthalpies of formation of ASi decreased and
molar entropies increased when going from A = K to Cs, the
same phenomenon would be observed. There are no
thermodynamic data in the literature, but one could envision
increasing disorder in the cubic phases ASi which are composed
of Si,*” polyanions. These silicide polyanions are isoelectronic
to P, (white phosphorus), which is a rotator phase.” The
increasing unit cell volume from K to Cs may imply that Si,*~
anions are coordinated less and less rigidly and that CsSi
actually could correspond to a dynamically disordered high
entropy phase at the temperatures applied for hydrogenation/
dehydrogenation (373—473 K). In this case, the molar
entropies for CsSiH; and CsSi will be similar and ASg,, will
essentially correspond to the gain of rotational and translational
entropy of the released gaseous hydrogen [130 J/(K mol

(Hy))].

IV. CONCLUSIONS

We investigated the transition of the silanides KSiH; and
RbSiH; from their H-ordered low temperature () modifica-
tions into a rotator (@) phase near room temperature in which
SiH;~ moieties undergo rapid (subpicosecond) “close-to-
isotropic” dynamics. This transition is associated with several
peculiarities. First, we could confirm the presence of dynamics
already in the low-temperature forms at temperatures above
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200 K, as suggested earlier from FWS neutron scattering
experiments.”” A noticeable difference between KSiH; and
RbSiH; is the occurrence of a triclinically distorted intermediate
form for the latter prior to the phase transition. Second, there is
a pronounced nonequilibrium behavior between the f and
phases. This is manifested in a large hysteresis of several tens of
kelvin and the presence of undercooled a-phase upon cooling
and heating. The latter phenomenon is attributed to a
dependence of the transformation kinetics and/or relative
stability of polymorphs on the size of a-phase domains.
Undercooled a-phase is associated with small (2—4 nm) sized
domains and it appears that the dynamics of SiH;~ motion is
changed to reduced dimensionality.

Evidently, the SiH;™ anion is only loosely coordinated in an
environment of alkali metal ions. The orientational flexibility
can be attributed to the simultaneous presence of a lone pair
and (weakly) hydridic hydrogen ligands, leading to an
ambidentate coordination behavior toward cations A*. The
reorientational mobility of SiH;~ affects the thermodynamic
properties of the a-phase. With respect to hydrogen desorption,
a simultaneous increase in the desorption enthalpy and entropy
has been observed when going from A = K to Cs, leading to a
similar release temperature of ca. 410 K (at 0.1 MPa H,
pressure) for all three hydrides.”* Rather to explain this
enthalpy—entropy compensation effect by an increased stability
and reduced SiH;~ mobility within the silanide series, we
attribute this phenomenon to enthalpy/entropy changes within
the precursor Zintl phases ASi.
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